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INTRODUCTION

Dynamic Dielectric measurements made over a wide range of frequency
provide a sensitive and convenient means for monitoring the cure process
in thermosets and thermoplastics. Dielectric measurements are of particular
importance for quality control monitoring of cure in complex resin systems
because the measurement of dielectric relaxation is one of only a few
instrumental techniques available for studying molecular properties in both
the liquid and solid states. Furthermore, it 1is probably the only convenient
experimental technique for studying the polymerization process continuously,
that is, to examine the cure chemistry throughout the process of going from
a monomeric liquid of varying viscosity to a crosslinked, insoluble, high

temperature solid.

The major long-range objective of our research is to develop on-line
dielectric instrumentation for quantitative nondestructive material evalua-
tion and closed loop "smart" cure cycle control. The key to achieving this
goal is to relate the chemistry of the cure cycle process to the dielectric
properties of the polymer system by correlating the time, temperature, and
frequency dependent dielectric measurements with chemical characterization
measurements., Measurement of the wide variation in magnitude of the complex
permittivity with both frequency and state of cure, coupled with chemical
characterization work, have been shown in our laboratory to have the poten-
tial to determine: resin quality, composition and age; cure cycle window
boundaries; onset of flow and point of maximum flow; extent of and completion
of reaction; evolution of volatiles; Tg; crosslinking and molecular weight

buildup [1-5].
EXPERIMENTAL

The equipment and procedures for performing these experiments have been
described in detail elsewhere [4,53]

THEORY

Measurements of € and G were used to calculate the complex permittivity
ek = g¢'-1e "
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This calculation is possible when using the probe we have designed whose
geometry is invariant over all measurement conditions. Both the real and
the imaginary parts of €* can have a dipolar and an ionic component [7]).
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The dipolar component arises from rotational diffusion of molecular dipole
moments. The frequency dependence of the polar component may be represented
by the Cole-Davidson function:
€y~ e
e* = ¢+ TT:EB?;B (3)

where € and ¢_ are the limiting low and high frequency values of €, 1 is a



a characteristic relaxation time and B is a parameter which measures the
distribution in relaxation times. This term dominates the dielectric signal
at high frequencies and in highly viscous media.

The ionic component, €j*, often dominates e* at low frequencies, low
viscosities and/or higher temperatures. The presence of mobile ifons gives
rise to localized layers of charge near to electrodes. Since these space
charge layers are separated by very small molecular distances on the order
of A", the corresponding sgace charge capacitance can become extremely large,
with €' on the order of 10° ., Johnson and Cole, while studying formic acid,
derived emperical equations for the ionic contribution to ¢*[8]. 1In their
equations, these space charge lonic effects have the form

(%1)“_(n+l) (8.8521041“)2 (4)

LR
ey = CoZosin
where 2% = Zo(im)-n is the electrode impedance induced by the ions and
n is between 0 and 1 [7-9]. The imaginary part of the ionic component has

the form
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where ¢ 1s the c:onductivir:y__{ohm-l cm-I ), an Intensive variable, in con-
trast to conductance G(ohm ) which 1s dependent upon cell and sample
size. The first term in Eq. 5 is due to the conductance of lons trans-
lating through the medium. The second term is due to electrode polariza-
tion effects. The second term becomes increasingly significant as the
frequency of measurement 1is decreased.

(%E)m—(n+1)( a 2 (5)
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RESULTS AND DISCUSSION

The real (e ') and imaginary (e ") components of the complex permit-
tivity (e *) as a function of frequency and temperature are used to monitor
the physical state of a thermoplastic.

Figures 1 and 2 show dielectric results for two heating-cooling cycles
for the polyimide thermoplastic TLaRC-TPI [10] at 500 Hz and 1 MHz. The
plots are quite different for these two frequencies. Clearly it is necessary
to take data over a wide range of frequency to obtain sufficient information
to interpret the results accurately. Figure 1 shows the temperature depen-
dence of €' for the initial heating and subsequent cooling cycle of the
thermoplastic. The signal remains very low until the initial softening at
230°C wets the probe. Above the T, of -252°C a second sharp rise in ¢’
denotes the a peak. During cool down ¢’ decreases relatively rapidly with
temperature until the resin solidifies. The point at which dipoles
and lons cease being able to move with the applied oscillating electric
field is dependent upon the frequency of measurement.

Figure 2 shows €' vs. temperature data for a second heating-cooling
curve of the polyimide sample. At the lower, 500 Hz, frequency the loss
is sensitive to the evolution of absorbed water (loss maximum at .85°%)
and residual solvent ( diglyme) evolution (loss maxImum at -160°) as well
as the a peak just above Tgy. At 1 MHz ouly the a peak can be observed.

Figures 3 and 4 show dielectric data for a poly(arylene ether) thermo-
plastic (PAE). Figure 3 is a plot of the loss, €" vs. temperature. The fre-
quency dependent « peak can be seen just above the T, of 142°C. The ampli-
tude of this peak does not vary with frequency, but §t becomes broader and
the temperature of the maximum amplitude increases with increasing fre-
quency. At higher temperatures another rise in €", often due to ionic
phenomena, can be seen. This response also occurs sooner and 1s more
pronounced at the lower frequencies.

A master curve for PAE using log t" vs. log frequency, has been con-
structed from the dielectric data taken between 147° and 279°C (Figure 4).
The plot provides dielectric information on PAE over an effective frequency
range much broader than that any single instrument can provide in the time
or frequency domain alone. The fact that all of the curves are super-



imposable upon each other suggests that the same processes are responsible

for the dielectric response in this temperature range. In this representa-
tion the ionic contribution is evident at the lowest frequenciles - highest

temperatures, the a peak is well defined, and the low frequency end of a B

peak can be seen in the highest frequency-lowest temperature region of the

plot.

Figures 5-8 show dielectric results for the crosslinking of a poly-
ester resin by a free-radical mechanism. No external heat has been added;
the temperature curve monitors the reaction exotherm. As shown in Figure
5, the permittivity of the resin drops during the course of the reaction,
The onset of the reaction determined dielectrically (labeled "A" in the
Figure) corresponds with the beginning of the reaction exotherm. An ex-
pansion of Figure 5 is shown in Figure 6. It can be used to monitor the
slow final curing stage of the reaction.

Plots of Log (¢ " - f) as in Figure 7 can be used to monitor the
viscosity of the system. Early in the reaction the low frequency curves
are all superimposable. 1In this region the first term in Eq. 5 dominates
the signal. In work on other systems we have shown that during reglons
where this is so, the magnitude of this quantity is inversely proportional
to the viscosity [11]. The point "B" where these curves diverge is near
the gel point where solid-1like diffusion controls both the mobility of the
charged species and the rate of the reaction of the resin. The master plot
for this data, Figure 8, shows the low frequency (f“ ) ionic contribution
and a very shallow high frequency-long time relaxation peak, seen as a
shoulder on the ionic portion of the curve. The position along this curve
of a set of data can be used to monitor the extent of reaction.

CONCLUSIONS

Frequency dependent dielectric measurements can be used to monitor
the cure process of thermoplastics including flow, T,, evolution of moisture
and residual solvent as well as their regenerative processing properties.

For thermosets, dynamic dielectric analysis permité detection of the
onset of cure, the extent of cure, the viscosity and the onset of gel. The
creation of a time-temperature master plot can be used to monitor reproduc~
ability during the cure and to determine the reaction extent at a given
time and temperature during the cure process.

REFERENCES

1. Kranbuehl, D.E., Delos, S.E., .Jue, P.K., Jarvie, T.P., and Williams, S5.A.,
Nat'l SAMPE Symp. Ser. 29, 1261 (1984).

2, Delos, S.E., Schellenberg, R.K., Smedley, J.E., and Kranbuehl, D.W.,
J. Appl. Pol. Sci., 27, 4295 (1982).

3. Kranbuehl, D.E., Delos, S.E., and Jue, P.K., Natlonal SAMPE Symp. Ser.,
28, 608 (1983); SAMPE Journal, 19 (4), 18, (1983).

4. Xranbuehl, D.E., Delos, S.E., Jue, P.K., Polymer, in press.

5. Kranbuehl, D.E., Delos, S.E., Yi, E.C. and Mayer, J.T., ANTEC '85 Conf.
Proc. of the Soc. of Plastics Eng., 311, (1985).

6. Ferry, J.D., Viscoelastic Properties of Polymers, John Wiley and Sons,
Ine. (1961), Ch, 1ll., 2nd ed.

7. Hill, N., Vaughan, W., Price, A., and Davis, M., Dielectric Properties
and Molecular Behavior, Van Nostrand, London (1969).

8., Johnson, J. and Cole, R., J. Am. Chem. Soc. 73, 4536 (1985).

9. MacDonald, J. Ross, Trans., Faraday Soc. 66 (4), 943 (1970).



10. St. Clair, A.K. and St. Clair, T.L., SAMPE Quarterly, 13 (1), 20 (1981).

11. Kranbuehl, D.E., Delos, S.E., vi, E.C., Hoff, M.S. and Whitham, M.E., ACS
Pol. Mater. Sci. and Eng. 52, 191 (1985).

ACKNOWLEDGEMENT

The dielectric work was made possible in part through the support of the
National Aeronautics and Space Administration - Langley Research Center re-
search grant No. NAG 1-237.

We are very grateful to NASA-LaRC for supplying the thermoplastic films
and to U.S. Steel Corporation for supplying the polyester resin used in this

study.

6
5 -
v 4 L
"""" | MHz

3
~—~— heal up
- —— ¢ool down

| 1 ] 1 I I

50 100 150 200 250 300 350
Temperature (°C)
Fig. 1. ¢' vs. temperature for an inttial heatd

for LaRC-TPI. Wetting of the gauge at
the a peak above TG can be seen.

ng and cooling cyele
~230°C as well asg

— heal up
| == cool down

L1 |l emzzb=z=—" T s i
50 100 KO 200 250 300 350
Temperature (°C)

Fig. 2. £t va. temperature for a second heating and cooling cycle
of the sample of Fig. 1. Absorbed molsture, solvent evolu-
tion and the & peak can all be seen at 500 Hz; only the
a peak 1is observed at 1 MHz.



~— heat up

1 | i 1

. 1
50 100 50 200 250 300
Temperature (°C)

Fig. 3. log €" vs, temperature for PAE film at multiple frequencies
showing the a peak just above T, and a high temperature
g
ionic conduction.

Fig. 4.

log €*
T

A master curve or relatlve Yog ¢" vs.

Jemp {*C)

270,185
259,177
¥ 248,170
>237,162

\' 022,155
9215, 147

Q
o207
% 4200
\ 0|?2
9 ’f'vv'

) LX)
. &:’Q
LY
.

- A R

log frequency

,J"’ o
o ‘&, 900"’

.

log frequency above

T, for PAE. A well defined u peak can be disitinguished
from low frequency-high temperature fonic phenomena and

high frequency-low temperature B dispersion.

A 125kHz

50 kHz

Temperature

1 I | I SRRSO

0
0

Fig. 5.

100

50

‘ 0
40 80 120 160 200 240

Time (min)

Log €' vs.
a free radical mechanlsm.
onset of the polymerization process.

time tor a polyester resin crosslinking by
The point "A" denotes the

Temperature (°C)



250

55
-1 200
50 $
. 150 o
w 2
O
—
45 |- 00 g
E
@
- 50
40 + Te_mperolure
1 1 I I I ()
0 40 80 120 16O 200 240
Time (min)
Fig. 6, An expansion of the curve In Fig. 5 showing the gradual
drop to a steady value In ¢' as the reaction terminates.
) 250
=4 -_4\ + 200
e —~
;g)_ N—— 50 kHz $
D 3F 25kHz e—= |5O @
x ¥ 2
:\U SkHz g
—2r H100 g
g @
P p—
I 2Bk —— 50
Temperoiure
() | S | i 1 1 ()

0

40 80 120 160 200 240

Time (min)

Fig. 7. Log €' x f vs. time for the reaction of Figures

At point "B" the low frequency curves diverge an
phenomena cease to be the major component in €.

log € n

a Tem (°C)
0267643
A 6 722,583
A 158,54
% e {9
01042
Qa * 901
\ v 795
a o 7i0

Qal

5 and 6.

d jonic

log frequency

Fig. B. A master curve for the polyester resin during cure.



@ AR S

DYNAMTC DITELECTRIC ANALYSIS: MONITORING THE CHEMICAL AND PHYSICAL
CHANGES DURING CURE OF THERMOSETS AND THERMOPLASTICS

By D. Kranbuehl, S. Delos, M. Hoff and L. Weller
Department of Chemistry
College of William and Mary
Williamsburg, Virginia 23185

RPROTVUCTTON

Dynamic Dielectric measurements made over a wide range of frequency
provide a sensitive and convenient means for monitoring the cure process
in thermosets and thermoplastics. Dielectric measurements are of particular
importance for quality control monitoring of cure in complex resin systems
because the measurement of dielectric relaxation 1is one of only a few
instrumental techniques available for studying molecular properties in both
the 1iquid and solid states. Furthermore, it is probably the only convenient
experimental technique for studying the polymerization process continuously,
that 1s, to examine the cure chemistry throughout the process of going from
a monomeric liquid of varying viscosity to a crosslinked, insoluble, high

temperature solid
The major long-range objective of our research 1s to develop on-line

dielectric instrumentation for quantitative nondestructive material evalua-
tion and closed loop ''smart' cure cycle control. The key to achieving this
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measurements. Measurement of the wide variation in magnitude of the complex
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geometry is invariant over all measurement conditions. Both the real and
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